The purpose of this paper was to assess the effect of the diversion of wastewater on the trophic status of Lake Bidighinzu, a hypertrophic man-made lake in Northern Sardinia, used as a drinking water reservoir. There have been problems with potabilization since the early years of the diversion operation, particularly in the summer-autumn period. Data available (August 1978, February 1979 and March 1985 before the reservoir (1987) were compared with those collected during a study carried out in the annual cycle immediately after (1988)(1989) and after some years (1994 and 1996-1997 
INTRODUCTION
Lake Bidighinzu is a man-made lake in Northern Sardinia (Fig. 1 , Tab. 1), used as a reservoir for drinking water. Problems of potabilization have arisen since the early years of the reservoir's use, particularly in summer-autumn, because of hypolimnic deoxygenation and the excessive presence of algae in the epilimnion. This was why an aeration system was installed in the area around the water intake tower (Messina 1966; Alamanni et al. 1968; Alamanni et al. 1971) .
In 1978, Sechi & Cossu (1979) determined the hypertrophic status of the lake on the basis of two samplings performed during the periods of circulation and thermal stratification. In 1986, Sechi confirmed this status (Sechi 1986 (Sechi , 1989 and assessed a theoretical load using Provini et al. (1979) conversion coefficients; this load was about 6.3 t P y -1 against an admissible one of about 0.6 t P y -1 , calculated with the Vollenweider formula (O.E.C.D. 1980) . In 1987, a by-pass was built to divert downstream of the dam the urban and industrial wastes of Thiesi, which were regarded as the main cause of the eutrophic condition of the reservoir (Sechi 1986; Marchetti et al. 1992) . In 1988-1989, a limnological study was carried out with the main object of verifying the effects of this diversion. Values reported in Lugliè & Sechi (1993) revealed no improvement in the trophic level, so that it was supposed that the diversion was too recent for any results to be recorded. In -1997 further studies were carried out. The results of these studies are reported in this paper and compared with the previous ones to show the effects of the diversion. 
Tab. 1.

METHODS
The 1994 values referred to season samplings (March, June, September and December), whereas samples were collected almost monthly to study the annual cycle (December 1996 -November 1997 ; all the samples were taken from one station located about 500 m from the dam. Samples were taken with a Niskin bottle at depths of 0 m, 1 m, 2.5 m, 5 m, 7.5 m, 10 m, 15 m and 20 m. Of the parameters measured, trends of temperature, dissolved oxygen, ammonium nitrogen (Fresenius 1988), nitrate nitrogen, total phosphorus (according to Strickland & Parsons 1968) , chlorophyll-a (Goltermann et al. 1978) , and total phytoplankton biomass (Findenegg 1974 ) are reported in this paper. Studies on phytoplankton were carried out to a depth of 10 m.
RESULTS
Monthly averages along the vertical profile of parameters from 1978 onwards are reported in table 2; the oxygenation status of the hypolimnion in connection with single samplings is also reported. Annual mean values measured on the water column in accordance with monthly data collected in 1988-1989 and 1996-1997 and with the only four seasonal data recorded in  1994 are reported in table 3 .
Temperature values were the same in the same months of different years (Tab. 2); the dynamics of temperature was typically seasonal (Fig. 2) , with intense heating of the water from spring to summer and progressive cooling from autumn to winter. The lake became more or less clearly stratified, in relation to the use of the water aeration system during the first period; in contrast, full circulation occurred in winter.
Generally, nitrate nitrogen was higher than ammonium nitrogen in late winter and early spring (Tab. 2), whereas ammonium nitrogen was higher than nitrate nitrogen (Fig. 2) during stratification, especially in autumn, due to a marked hypolimnic deoxygenation. In 1996-1997, the annual averages of these two compounds showed no variation compared to those recorded in 1987-1988, except for a slight increase of nitrate (Tab. 3). On the other hand, in 1994 the annual averages showed a slight decrease in inorganic nitrogen (due to a drop in ammonium nitrogen) (Tab. 3). Concentrations of nitrate nitrogen found in August 1978 , February 1979 and March 1985 . before the diversion of the sewage -were similar to those found during the same months in other years (Tab. 2). In August 1978, however, the concentration of ammonium nitrogen was lower than was found during the same month in the following years.
Higher concentrations of total phosphorus were always found at the end of stratification, particularly affecting the hypolimnic waters (Fig. 2) . In 1988-1989, the annual mean (386 mg P m -3 ) was highest, and was nearly as high in 1996-1997 (305 mg P m -3 ); in 1994, its value was lower (167 mg P m -3 ), about 50% of the values of the other two years (Tab. 3). In February 1979 and March 1985, total phosphorus values fell within the range of parameter variation during the same period in the following years, whereas in August 1978, in stratification conditions, the concentration was lower (Tab. 2).
In 1997, the annual mean and the peak of chlorophyll-a were lower than those of previous years (Tabs 2 and 3). The highest concentrations (Fig. 3) were always found in the top 5 m and occurred during the summer months (between July and September). The highest value was found in August 1978; the value of 100 mg m -3 was never exceeded. 
Tab. 2.
Monthly mean values on the water column of some parameters during the different periods of study on Lake Bidighinzu.
T e m p e r a t u r e (°C ) -707  518  57  29  27  28  74  -270  474  1989 - -255  256  423  540  571  531  531  -309  201  1989  --346  284  --------1994  --163  --92  --193  --214  1996  -----------283  1997  278  269  193  195  216  303  407  368  580  296 271 - -66  72  <10  <10  <10  <10  10  -22  52  1989  --17  28  --------1994  --45  --47  --<10  --33  1996  -----------72  1997  42  68  51  65  31  22  12  <10  <10  64 51 - -10  26  6  24  57  29  12  -10  4  1989  --1  9  --------1994  --29  --6  --75  --16  1996  -----------5  1997  1  3  8  3  4  13  11  41  11  11 12 - The high concentration of chlorophyll-a in August 1978 was due to an exceptional bloom of Ceratium hirundinella (O.F. Müller) Schrank, belonging to the Dinophyceae. This species was also the cause of the maximum biomass values (Fig. 3, Tab. 4) . When chlorophyll-a and biomass values were highest, the dominant classes were Cyanophyceae in 1988-1989 with Microcystis aeruginosa Kg., Microcystis flos-aquae (Wittr.) Kichn., Anabaena flos-aquae (Lyngb.) Bréb., Aphanizomenon flos-aquae (L.), Bacillariophyceae and Dinophyceae in 1994 with Stephanodiscus sp. and C. hirundinella, respectively, and Bacillariophyceae in 1996-1997 with Cyclotella spp. In February 1979, Conjugatophyceae with Closterium spp. was the most abundant class. Summer increases of Cyanophyceae and more or less copious and sudden developments of Chlorophyceae were observed in every year of the study, especially between May and June. Increases of Dinophyceae were observed mostly in summer and autumn.
DISCUSSION AND CONCLUSIONS
Over the years, Lake Bidighinzu has been subjected to a number of interventions in an attempt to solve its problems of eutrophication.
Chronologically, the first of these, which are still in use, are the aeration system -often modified (Fig. 1) against hypolimnic anoxia, and the microfiltering phase in the potabilization plant against the copious algal presence (above all Microcystis, Anabaena and Aphanizomenon, belonging to the Cyanophyceae). However, these solutions merely treat the symptoms of certain critical phases.
As already pointed out (Lugliè & Sechi 1993) , the aeration system operates mainly during the summerautumn period, when the lake stratifies. The system involves injecting air directly into the deep hypolimnion (1 meter from the bottom), which causes some changes in the lake's thermal state and the break-up of the stratification. This allows hypolimnic nutrients to spread into the photic zone, increasing the development of phytoplankton. Fig. 2 . Dynamics of temperature, ammonium nitrogen, nitrate nitrogen and total phosphorus in Lake Bidighinzu.
Tab. 4.
Monthly mean values of phytoplankton biomass (mg l -1 ) during the different periods of study on Lake Bidighinzu. Fig. 3 . Dynamics of chlorophyll-a and class composition of phytoplanktonic biomass in Lake Bidighinzu. Fig. 4 . Distribution of reactive (above) and total phosphorus (below) in Lake Bidighinzu during 1988-1989 and 1996-1997 . Dashed line shows depth variation as a result of lake volume variation.
Consequently, on the one hand the injection of air into the hypolimnic waters temporarily remedies the deoxygenated state of water destined for potabilization, but on the other hand it determines a higher availability of nutrients for phytoplankton, which is found at every depth because of the induced thermic homogeneity. The algal microfiltering system was not always able to solve this problem, particularly during the blooms of Cyanophyceae (Sechi 1992) .
After an assessment of the point sources (Sechi 1989 ), a water pipe was built to divert downstream the urban and industrial wastes of Thiesi. On the basis of theoretic estimations and experimental verifications, it was thought that the trophic level of the lake would decrease if the Vollenweider model was used (O.E.C.D. 1980), because the status of the lake fell within the series of cases provided for by this model. Owing to an increase in industrial activities, especially in the sector of butter and cheese production, the current load should correspond to the value reported in table 5.
Tab. 5. Theoretic P-loads of Lake Bidighinzu. All the more reason, considering the nearly redoubled load of phosphorus, to expect that the diversion would produce a considerable improvement. However, while the Vollenweider model (O.E.C.D. 1980) indicates the likely effects, it is not so easy to predict just when they will be achieved. In fact, the time required depends on the lake's morphometric characteristics, the phosphorus release from the sediment, the interannual variability of nutrient availability in the water and the consequent biological reaction of phytoplankton development, which is not always directly in relation with the external load.
With reference to Sas (1989) , the effects of lake restoration after external load reduction can be assessed by considering two subsystems. The first (Subsystem 1) is in relation with the phosphorus concentration in the lake as regards the inflow load and the second (Subsystem 2) is in relation with the phytoplankton reaction as chlorophyll-a and biomass as regards the phosphorus concentrations in the lake.
The data collected in 1994 are not considered (as annual averages) in comparing the values of Lake Bidighinzu: as they refer to only four seasonal samplings, they are not representative enough of the conditions that characterised the lake in that year.
Subsystem 1: the high phosphorus concentrations still present in the lake water in 1996-1997 might be conceded as possible during the first cycle of study (1988) (1989) , following the year when the by-pass became operational, but they are less admissible after ten years. As a matter of fact, though Lake Bidighinzu may be regarded as a shallow lake strongly affected by the phosphorus release from the sediment, by 1996-1997 the phosphorus concentrations in the lake should have changed compared with previous years. In fact, it takes about five years for the release from the sediment to become insignificant (Sas 1989) . However, a comparison of the phosphorus and nitrogen concentrations found in samples taken in the same periods before and after the diversion shows no major reduction or decreasing trend. The distribution of reactive and total phosphorus (Fig.  4) shows that higher concentrations are reached during the summer in the zone close to the sediment, which may signify a clean release. However, in this case, phosphorus concentrations in the lake water should also have decreased. On the contrary, reactive phosphorus was always more than 50% of total phosphorus in both 1988-1989 and 1996-1997 , while concentrations were always above 10 mg P m -3 . These values prove that phosphorus as reducing factor of phytoplankton development is an aim that was not achieved after the diversion.
Subsystem 2: annual mean values of chlorophyll-a and total biomass also continued to be typical of eutrophic environments after the diversion, with a slight fall, hardly constituting an improvement, in chlorophyll-a in 1996-1997, compared to the values recorded in [1988] [1989] . The highest values, recorded in August 1978 (112 mg m -3 and 133 mg m -3 , respectively) due to a bloom of C. hirundinella, were never repeated, and annual peaks were always lower than 100 mg m -3 and 25 mg m -3 in subsequent checks. During the last year, phytoplankton composition was characterised by Bacillariophyceae, though in the summer there was a considerable presence of Cyanophyceae (which were the dominant class in [1978] [1979] . These variations are difficult to explain and it is not certain that they are a sign of a biological reaction to the diversion of the wastes, especially since at the same time no variations in nutrient availability were recorded in the water column. In fact, values found during different periods and with differences in phytoplankton composition are those of a highly eutrophic lake, and may be related to the interannual variability of phytoplankton in Sardinian lakes . Besides, the possible nutrient availability in the photic zone, which is linked to the operation of the aeration system, might be considerable and could vary according to the time and the duration of its use. Table 6 shows both the phosphorus and chlorophylla values that were expected after the diversion, and those that were actually found, which indicate that there was no improvement in the quality of the water. Phosphorus concentrations found in the lake are very close to those obtained through calculation, assuming an exter-nal phosphorus load of 11.8 t y -1 . On the other hand, the values of chlorophyll-a are lower than those expected. Situations in which the expected and the measured values did not coincide were also found in Lake Sos Canales , where the experimental values of chlorophyll-a were higher than the theoretic ones. This confirms that phytoplanktonic developments depend on several other variables besides the availability of phosphorus in waters, and in man-made lakes characterised by a very high interannual variability of environmental conditions, the behaviour of phytoplankton is subject to a wider margin of uncertainty (Alvarez Cobelas et al. 1994) . For example, N/P ratio in L. Bidighinzu was always very low, confirming its high eutrophic state and underlining the importance of nitrogen on the development and composition of phytoplankton.
The failure of the attempt to recover Lake Bidighinzu can be explained in several ways. Without any assessment of the possible release of phosphorus from the sediment, or experimental assessments of the inflow loads to the lake, the data available indicate as the most likely explanation the non-use, or only partial use, of the by-pass. This may have kept unchanged or only partially modified the quantity of nutrients flowing into the lake.
Theoretic P-load with diversion (A) (t y -1 ) 1 Theoretic P-load without diversion (B) (t y -1 ) 11.8
Theoretic lake P-concentration from A (mg P m -3 ) 22 Theoretic lake P-concentration from B (mg P m -3 ) 320 Experimental lake P-concentration in [1988] [1989] (mg P m -3 ) 386 Experimental lake P-concentration in [1996] [1997] (mg P m -3 ) 305
Theoretic chlorophyll-a from A (mg m -3 ) 7 Theoretic chlorophyll-a from B (mg m -3 ) 33 Experimental chlorophyll-a in [1988] [1989] (mg m -3 ) 17 Experimental chlorophyll-a in [1996] [1997] (mg m -3 ) 11
